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Purpose: The purpose of this study was to analyze the respiratory motion of each 
segment of the liver in patients with or without a history of abdominal surgery using 
four-dimensional computed tomography. 
Materials and methods: In total, 57 patients treated for abdominal tumors using proton 
beam therapy were enrolled. Eighteen patients had a history of abdominal surgery and 39 
did not. The positions of clearly demarcated, high-density regions in the liver were 
measured as evaluation points with which to quantify the motion of each liver segment 
according to the Couinaud classification. 
Results: In total, 218 evaluation points were analyzed. Comparison of differences in the 
motion of individual liver segments showed that among patients without a history of 
surgery, the maximum was 29.0 (7.2–42.1) mm in S6 and the minimum was 15.1 (10.6–
19.3) mm in S4. Among patients with a history of surgery, the maximum was 28.0 (9.0–
37.4) mm in S7 and the minimum was 6.3 (4.1–9.3) mm in S3. 
Conclusion: The distances and directions of respiratory motion differed for each liver 
segment, and a history of abdominal surgery reduced the respiratory motion of the liver. It 
is necessary to selectively use the internal margin setting. 
 





Primary liver cancer is the most common malignant tumor worldwide and ranks high as 
a cause of cancer-related death [1, 2]. The liver is a radiosensitive organ; therefore, 
external beam radiotherapy (RT) is only used for palliation and in selected patients. 
Recent advancements in RT techniques such as particle beam therapy and stereotactic 
body radiotherapy (SBRT) have allowed for great extensions in the application of RT for 
hepatocellular carcinoma. These highly conformal RT techniques have been delivered 
safely and effectively in patients with liver cancer [3-6]. Particle beam therapy has the 
physical characteristics of a Bragg peak, especially a spread-out Bragg peak. Particle 
beam therapy and SBRT are more useful than conventional RT because it is possible to 
improve the dose concentration to the patient’s tumor and reduce the dose to the 
surrounding liver tissue, especially in large liver tumors [7, 8]. However, because of the 
physical characteristics of particle beam therapy and SBRT, this type of RT is easily 
affected by only small motion of the target. This is a weakness of particle beam therapy 
and SBRT. Therefore, highly accurate and reproducible irradiation is needed, which 
requires an understanding of how the target of irradiation moves. 
In RT for abdominal organs, it is important to consider the respiratory motion. This is 
especially true for organs located at the vicinity of the diaphragm, such as the liver, which 
is highly mobile during respiration [9-11]. Various devices and techniques have been used 
in an attempt to reduce the internal margin, such as abdominal compression [12], the 
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self-breath-holding technique [13, 14], use of an active breathing control system [15], 
respiration-gated stereotactic RT [16-18], and tumor-tracking RT with fiducial markers 
[19]. 
The recurrence rate of liver cancer is rather high; thus, multidisciplinary treatments 
combining surgery, chemical treatment, transcatheter arterial embolization, 
radiofrequency ablation, and RT are becoming increasingly more important.  
Abdominal surgery reduces the intestinal motor function because of gastrointestinal 
adhesion formation, sometimes resulting in intestinal obstruction [20-24]. We 
hypothesized that these adhesions might also reduce the respiratory liver motion. 
Therefore, the respiratory motion of the liver might be different with versus without 
surgery, necessitating consideration of the optimal margin of internal motion in radiation 
treatment planning. 
In modern RT, four-dimensional computed tomography (4D-CT) has become a standard 
technique with which to evaluate the internal margin of target volumes, and it is 
reportedly a useful tool for analysis of the dynamic respiratory motion of various organs 
[25-28]. 
Several reports have analyzed the respiratory motion of the liver using this technique; 
however, few have analyzed the respiratory motion in each segment of the liver, and it is 
therefore difficult to understand the differences among the segments. Additionally, no 




Therefore, in the present study, patients were grouped according to liver segment and 
history of abdominal (hepatobiliary/pancreatic) surgery, and their respiratory motion was 



















Materials and Methods 
 
Patients and data acquisition 
This retrospective study was approved by the research ethics committee of our 
institution (IRB number: 12-10), and written informed consent for this study was waived 
because of its retrospective nature. From March 2011 to July 2013, patients who were 
treated using proton beam therapy for abdominal cancer were enrolled. Patients were not 
eligible for this study if they could not control a stable respiratory rhythm suitable for 
4D-CT scan conditions. 
The patients were placed in the supine position and immobilized using a vacuum lock 
bag and a low-temperature thermoplastic body shell (ESFORM; Engineering System Co., 
Nagano, Japan). We did not control the amount of motion due to abdominal compression. 
Respiratory synchronized 4D-CT (Aquilion LB; Toshiba Medical Systems Co., Tochigi, 
Japan) was performed under the following conditions: X-ray tube voltage, 120 kV; tube 
current, 200–300 mA; and rotation time, 500 ms. The 4D helical scan was performed 
using breathing synchronization. Respiratory gating was controlled by abdominal wall 
motion with the laser sensor of a respiratory gating system (AZ-733V; Anzai Medical Co., 
Tokyo, Japan). The patient was asked to perform stable breathing with a respiratory 
frequency of 10 to 12 breaths/min by following a metronome. The up–down motion of 
the abdominal skin surface was detected in real time by a non-contact type sensor 
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equipped in the respiratory synchronization system, and the respiratory wave signal 
generated by the system was used to monitor the patient’s respiratory status. The wave 
signal was transferred to the 4D-CT scanner, allowing for reconstruction of a set of CT 
images associated with any of the respiratory phases. The reconstruction conditions of the 
CT images were as follows: slice thickness, 2 mm and slice interval, 0.4 mm; the field of 
view was set to match the physique of the patient. 
 
Data analysis 
In this study, we analyzed 4D-CT data acquired for the planning of proton beam therapy. 
Based on these images, the respiratory motion of a high-density lesion and iatrogenic 
metal (evaluation point) in the liver parenchyma were analyzed as position indicators by a 
radiation oncologist and a radiation technologist with more than 10 years of experience in 
RT. For high-density lesions, we targeted areas of calcification and Lipiodol remaining 
within the vessel in cases of enforcement by hepatic arterial embolization. In surgical 
patients, we also targeted surgical metal implants (staplers and stents) (Figure 1). 
The evaluation points were grouped based on the Couinaud liver segment classification. 
We then measured the amount of motion of each liver segment in each respiratory phase. 
Based on the respiratory wave signal, one respiratory cycle was separated into eight 
phases: the end of the inspiration phase, corresponding to the maximum amplitude of the 
wave signal (No. 0); three equally divided phases from the end of inspiration to the end of 
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expiration (Nos. 1–3); the end of the expiration phase, corresponding to the minimum 
amplitude of the wave signal (No. 4); and three equally divided phases from the end of 
expiration to the end of inspiration (Nos. 5–7). The respiratory motion of the liver and 
diaphragm in all eight phases was measured along the three orthogonal axes. The x-, y-, 
and z-axes correspond to the lateral (right–left), vertical (anterior–posterior), and long 
(inferior–superior) directions, respectively. 
The positions of these evaluation points in each respiratory phase from No. 0 to 7 were 
measured in the CT images as shown in Figure 2(a). The motion of all evaluation points 
in each respiratory phase was evaluated by the relative position referenced to the end of 
expiration phase (No. 4). This is because during respiratory gated proton beam therapy, 
the gated irradiation was generally performed within the threshold at the end of the 
expiration phase, where the motion was considered to be more stable than in the other 
phases; thus, we defined the position in phase No. 4 as the reference for the motion 
analysis. 
Next, as shown in Figure 2(b), we created a waveform showing the amount of 
respiratory motion. Using the coordinates of the eight phases, we drew this waveform as a 
smooth, continuous curve for interpolating the discrete points based on the function of the 
cubic spline curve [29, 30]. 
For all evaluation points, the motion distance between the end of the inspiration phase 
and the end of the expiration phase was calculated. These evaluation points were grouped 
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according to the presence or absence of a history of abdominal surgery and according to 
the liver segment, and the differences in the respiratory motion of each group were 
compared. 
Comparisons between two independent groups were analyzed using Mann–Whitney U 
test (hereinafter, U-test). A p value of <0.05 was considered statistically significant. 


















The respiratory motion at the 218 evaluation points in 57 patients who underwent proton 
beam therapy was analyzed. The patient characteristics and evaluation points (numbers of 
patients with and without a history of abdominal surgery grouped by liver segment, etc.) 
are shown in Table 1. Fasting for >3 hours before CT was performed in all cases. No 
patients had a protruding type hepatocellular carcinoma. The patients’ motion trajectories 
are shown in Figure 3, and the amounts of motion are shown in Table 2. Figure 3 depicts 
the trajectory of one respiration cycle with the evaluation point positioned at the end of 


















Age in years 
Sex, male/female 
Cirrhosis, no/yes 
Median, 70 (range, 40–86) 
33/24 
14/43 
Site of proton beam therapy   Liver 
         Bile duct 
         Pancreas 





History of abdominal surgery, no/yes 
 Site of surgery*     Liver 
          Gall bladder 
          Bile duct 
          Pancreas 
 Surgical method     Skin incision 








History of other pretreatment*  RFA 
         TACE 
         TAE 





Numbers of evaluation points, no/yes S1 
         S2 
         S3 
         S4 
         S5 
         S6 
         S7 
         S8 










*The site of surgery and history of other pretreatment included overlapping cases. 
RFA, radiofrequency ablation; TACE, transcatheter arterial chemoembolization; TAE, transcatheter 






Table 2. Median, minimum, and maximum motion distances among patients with and without a 
history of abdominal surgery 
 
Position 
 Surgery (−) Surgery (+) 
 
p value 







































































The motion distances are presented in millimeters and are shown for the whole liver as well as each 
individual segment. The far right p values compared the median values between patients with and without 
a history of surgery in each segment (U-test analysis). 
 
Figure 3 confirms that the trajectory of respiratory motion varied considerably among 
the liver segments in both patients with and without a history of abdominal surgery. In 
each segment, the motion relative to the end of the inspiration phase with reference to the 
end of the expiration phase exhibited a trajectory toward the inferior direction and anterior 
direction of the trunk. Additionally, the respiratory motion generally tended to be smaller 
in patients with than without a history of abdominal surgery. 
As shown in Table 2, the median (range) respiratory motion of the liver as a whole in 
patients without a history of surgery was 19.1 (2.5–59.7) mm, but the minimum was 15.1 
(10.6 –19.3) mm in S4 and the maximum was 29.0 (7.2–42.1) mm in S6. Table 3 shows 
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that the amount of motion of the right lobe and caudate lobe was large, whereas the 
motion of the left lobe was small. 
Among patients with a history of abdominal surgery, the amount of motion of the whole 
liver was 12.0 (3.7–47.3) mm; in terms of segment, the minimum was 6.3 (4.1–9.3) mm 
in S3 and the maximum was 28.0 (9.0–37.4) mm in S7. The amount of motion of the 
right lobe was large, whereas the amount of motion of the left lobe and caudate lobe was 
small. 
 





S4 < S3 < S2 < S5 < S8 < S7 < S1 < S6 
S3 < S1 < S4 < S2 < S5 < S8 < S6 < S7 
 
 
Comparison of the amount of motion in patients with and without a history of abdominal 
surgery showed a commonality in that the right lobe was large and the left lobe was small; 
however, the opposite tendency was shown for the caudate lobe (Table 3). Among the 
segments of the right lobe with large motion, the posterior segments (S6 and S7) moved 
more than the anterior segments (S5 and S8). S6 and S7, which are located far from the 




When we compared the results of this study with the report describing the abdominal 
compression method [12, 31, 32], the effect of suppressing diaphragm motion was 
smaller in our patients with a history of surgery than in patients who underwent the 
abdominal compression method as the auxiliary treatment technique in previous studies. 
When the change in the amount of motion in patients with versus without a history of 
surgery was analyzed by the U-test, p = 0.001 was obtained for the whole liver, indicating 
a significant difference. Assessment of S3 revealed a p value of 0.007, showing a 
significant difference; there were no significant differences in the other segments (Table 
2). 
As shown in Figure 3, only one patient among those without a history of surgery showed 
a unique trajectory of S8. In this patient, the motion of S8 was compared with that of S5, 
S7, and the diaphragm apex; a similar tendency was also shown at the diaphragm apex, 











In this study, we analyzed the influence of abdominal surgery on respiratory liver motion 
by 4D-CT. No previous reports have analyzed the changes in liver motion after 
abdominal surgery. 
The liver contains various ligaments (hepatoduodenal ligament, coronary ligament, and 
falciform ligament) that extend from its surface to the diaphragm and anterior abdominal 
wall. These ligaments are folds of peritoneum that anchor the liver into place. These 
ligaments and surrounding structures (e.g., inferior vena cava, diaphragm) might affect 
the respiratory liver motion. 
In the comparison of the amount of motion of each liver segment, the right lobe showed 
a large amount of motion and the left lobe showed a small amount of motion regardless of 
the presence of a history of abdominal surgery. We speculate that the low degree of 
freedom of motion was caused by the presence of the heart, stomach, and colon around 
the left lobe. These results suggest that the internal margin could be reduced in the left 
lobe. 
Among the segments in the right lobe with a large amount of motion, the posterior 
segments (S6 and S7) moved more than the anterior segments (S5 and S8). However, S6 
and S7, which are located far from the lung and diaphragm, moved more than S8, the 
most adjacent segment to the diaphragm. In each segment, the motion relative to the end 
of the inspiration phase with reference to the end of the expiration phase exhibited a 
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trajectory toward the inferior direction and anterior direction of the trunk (Figure 3). The 
lower lung lobes (S9 and S10) are located on the upper back side of the liver, and we 
deduce that they push the liver toward the inferior and anterior direction. Nishioka et al. 
[33] reported the direction of motion with a vector in only one direction (toward the 
diaphragm), and our results do not contradict these motion analysis results using gold 
markers in the liver. Additionally, when comparing the trajectory from the end of the 
inspiration phase to the end of the expiration phase versus the trajectory from the end of 
the expiration phase to the end of the inspiration phase, we found that they moved in 
different routes. This tendency was particularly strong in patients with a history of surgery, 
and the variation of the route increased in each of these patients. 
Table 2 shows that in each segment other than S7/8, respiratory motion was smaller in 
patients with than without a surgical history. This may have been because postoperative 
tissue adhesion decreases the mobility of the liver. Analysis of the amount of motion in 
each segment showed smaller differences among the segments in patients without a 
surgical history and larger differences in patients with a surgical history. This result might 
be explained by the fact that part of the liver is fixed in the abdominal cavity by tissue 
adhesion, and the degree of freedom of the unfixed segment may be relatively increased. 
Additionally, the surgical site differs for each patient, and this variation might have 
affected the result. We consider that the more movable part of the liver after surgery is not 




As shown in Figure 3, only one patient among those without a history of abdominal 
surgery showed unique motion in the trajectory of S8 and the diaphragm apex. In this 
patient, the pleural effusion was stored in the lung field, and we considered that this 
suppressed the motion of the diaphragm and S8 toward the superior–inferior direction 
immediately below the pleural effusion. The distance from the pleural effusion to S5 and 
S7 is greater than that to S8; therefore, the influence was considered relatively small and 
did not considerably change the trajectory. Based on the above findings, there is a 
possibility that the motion of the liver shows a different trend between patients with and 
without pleural effusion, and special care should thus be taken in setting the irradiation 
field for patients with pleural effusion. 
The present study had several limitations. First, 4D-CT images could not be acquired for 
the patients with an irregular respiratory cycle, and the respiratory motion with an 
irregular respiratory rhythm could not be analyzed. Second, the group of patients with a 
history of abdominal surgery included both patients who underwent hepatobiliary surgery 
and those who underwent pancreatic surgery. The differences in the organs involved in 
these operations (liver, bile duct, and pancreas) might have affected the liver motion. 
Besides surgery, a history of radiofrequency ablation, transcatheter arterial 
chemoembolization, transcatheter arterial embolization, and percutaneous ethanol 
injection therapy may also have effects. Third, although the evaluation point is in the 
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same segment, its position varies from case to case; it is not necessarily at the center of 
gravity of the segment, and it is considered to contain potential errors. Fourth, the 
conditions of the thorax affect the liver motions with respect to the presence or absence of 
pleural effusion. In further studies, patient groups should be classified according to more 
details of the operation site and thorax conditions. However, our data show the detailed 
respiratory motion of the liver. These findings suggest that when performing RT of the 
liver, it is necessary to selectively use the internal margin setting depending on the 
















Analysis using 4D-CT confirmed the detailed respiratory motion of the liver. The 
distances and directions of the respiratory motion differed for each liver segment, and a 
history of abdominal surgery reduced the respiratory motion of the liver. These findings 
suggest that when performing RT of the liver, it is necessary to selectively use the internal 
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Fig. 1. Examples of evaluation points in CT images. Left: Calcification, Right: Lipiodol 
 
Fig. 2. (a) Respiratory waveform. The vertical axis represents the depth of respiration. 0% 
and 100% in the horizontal axis correspond to the end of one inspiration phase and the 
end of the next inspiration phase, respectively. (b) Respiratory motion. The vertical axis 
shows the respiratory motion. The horizontal axis is identical to that in (a). In the legend, 
the curves of X, Y, and Z indicate the lateral, vertical and long direction of the patient, 
respectively. 
 
Fig. 3. Motion trajectory of evaluation points in each liver segment (unit: mm). Each 
looped curve depicts the trajectory during one respiration cycle in one patient. The red 
and blue curves show the trajectory in patients with and without a history of abdominal 
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